Non-small-cell lung cancer (NSCLC) remains the leading cause of death from cancer in the world and with poor prognosis in most cases([@bib4]; [@bib41]). The consistent poor 5-year survival underscores the need for further exploration for its molecular mechanisms ([@bib32]; [@bib33]). Most studies nowadays are focused on the molecular network of protein-coding genes and pathways, such as MAPK ([@bib20]), p53 ([@bib21]; [@bib42]) and Wnt ([@bib16]; [@bib8]) signalling, and attempts have been made to identify important genes and related pathways that contribute to the tumorigenesis of NSCLC. However, knowledge of genomic aberrations associated with non-coding genes, such as microRNAs (miRNAs) and their contributions to NSCLC, are relatively limited, and the identification of oncogenic miRNAs that exert key effects in NSCLC cells may offer new therapeutic targets.

MiRNAs are an abundant group of short, non-coding RNAs with the potential to target and silence multiple genes across diverse biological processes, including cell differentiation, proliferation, growth, mobility, and apoptosis ([@bib48]; [@bib7]; [@bib39]; [@bib45]). Much exciting evidence has assigned an important regulatory role for miRNAs in several human diseases, including cancer ([@bib44]; [@bib24]; [@bib35]; [@bib54]). MicroRNAs are directly involved in cancer initiation and progression by regulating the expression of important cancer-related genes and thereby functioning as tumour suppressors or oncogenes ([@bib9]; [@bib1]; [@bib30]; [@bib18]). Recently, miR-7 was identified as a tumour suppressor in several human cancers ([@bib15]; [@bib37]; [@bib13]; [@bib40]). Differential expression of miR-7 has been reported between neoplastic and normal tissues in brain cancer including glioblastoma and schwannoma ([@bib15]; [@bib40]). Only a few reports were focused on lung cancer and indicated a potential role in tumorigenesis of lung cancer ([@bib47]; [@bib6]; [@bib36]; [@bib50]). However, the results in these researches are contradictory, moreover, the identified targets by which miR-7 exerts its function are still limited, necessitating studies for further elucidation.

To this end, we screened for the expression of miR-7 in 41 pairs of primary NSCLC tissues along with their matched adjacent normal tissues, and explored its function in NSCLC. We found that miR-7 is downregulated both in NSCLC cell lines and tumour tissues, and we provide the first evidence that *PA28gamma* (a proteasome activator), a novel target of miR-7, is inversely upregulated in NSCLC tissues as well as in NSCLC cell lines. In addition, both overexpression of miR-7 and silencing of *PA28gamma* downregulated cyclin D1 expression, and therefore result in the inhibition of NSCLC cells growth. Taken together, our data indicate that miR-7 is a candidate tumour suppressor miRNA and functions through the negative regulation of *PA28gamma* expression in NSCLC. These findings also suggest that low-level miR-7 has a potentially important role on the initiation and/or progression of NSCLC, likely via upregulation of *PA28gamma*.

Materials and methods
=====================

Tissue samples, mice, and cell lines
------------------------------------

Forty-one pairs of primary NSCLC tissues and matched adjacent tissues (adenocarcinoma *vs* squamous cell carcinoma=28 : 13) were obtained from patients in Zhongshan Hospital, Fudan University from 2008 to 2013 with informed consent and agreement. This study was carried out according to the World Medical Association Declaration of Helsinki and approved by the Medical Ethics Committee of Zhongshan Hospital, Fudan University (Approval ID: Y2012-133). Written informed consents were obtained from participants involved in our study. All tissue samples were from untreated patients undergoing surgery and were snap frozen in liquid nitrogen and then stored at −80 °C. Grossly normal and abnormal areas of sectioned patients\' samples were identified by the pathologists and histologically classified and graded according to WHO guidelines and pTNM (UICC) pathological staging criteria. The percentage of tumour is over 90% in squamous cell carcinoma tissues and over 70% in adenocarcinoma tissues ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). For all the samples, clinicopathologic information is summarised in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. According to the previous reports, tumour volume \>4.5 cm was defined as larger tumour volume group ([@bib43]; [@bib34]).

Nude mice, aged 4--6 weeks, were purchased from Shanghai Experimental Center, Chinese Academy of Science. All animal experiments were carried out in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) and the Guidelines of Shanghai Medical Laboratory Animal Care and Use Committee (Approval ID: 20120302-023).

Non-small-cell lung cancer cell lines (A549, H1299, H1355, and H460), human bronchial epithelial (HBE) cell line and 293T cells were purchased by the Institute of Biochemistry and Cell Biology of Chinese Academy of Science, China. A549, H1299, H1355, H460, and 293T cells were grown in DMEM supplemented with 10% foetal bovine serum (FBS), 2 *μ*[M]{.smallcaps} glutamine, 100 IU ml^−1^ penicillin, and 100 *μ*g ml^−1^ streptomycin sulphate except HBE cells were cultured in RPMI-1640 cell culture medium supplemented with 10% FBS.

RNA extraction
--------------

Total RNA of tissues and cultured cells was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. RNAs were stored at −80 °C before quantitative reverse transcription polymerase chain reaction (qRT--PCR) analysis.

Quantitative RT-PCR for miRNA
-----------------------------

For mature miRNA expression analysis, ∼10 ng of total RNA was converted to cDNA using the ABI miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) and miR-7-specific primers (Applied Biosystems). After reverse transcription, quantitative PCR was performed in triplicate for each sample on the ABI 7500 thermocycler (Applied Biosystems) according to the manufacturer\'s protocol. U6 was used as a normalisation control for all tumour and adjacent normal lung tissues and cell line samples.

Quantitative RT-PCR for mRNA expression
---------------------------------------

Synthesis of cDNA was performed with 0.5--1 *μ*g of total RNA per sample with the primerScript RT reagent Kit (TaKaRa, Dalian, China) according to the manufacturer\'s manual. Quantitative RT--PCR was performed in triplicate for each paired tissue or cell sample by the FastStart Universal SYBR Green Master kit (Roche, Mannheim, Germany) according to the manufacturer\'s instructions. Primer oligonucleotides were designed by the Primer Premier 5.0 software, and synthesised by Sangon Biotech (Shanghai, China). GAPDH was used as a housekeeping gene for normalisation. The relative gene expression was determined in tumour tissue relative to the first matched normal tissue or HBE cells. The sequences of oligonucleotide primers in this study are summarised in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}.

miRNAs, small interfering RNAs, and transfection
------------------------------------------------

The human miR-7 duplex mimic, negative control miRNA duplex (miR-NC), and miR-7 inhibitor were designed and synthesised by Ribobio Inc. (Guangzhou, Guangdong, China). miR-7 inhibitor is chemically modified, single-stranded nucleic acids designed to specifically bind to and inhibit endogenous miR-7 molecules. The siRNA pool against *PA28gamma* mRNA (*PA28gamma*-siRNA) and siRNA NC were designed and synthesised by Thermo Scientific Dharmacon (Chicago, IL, USA) ([@bib26]). The sequences of the miRNA duplex and siRNA are presented in [Supplementary Table 3](#sup1){ref-type="supplementary-material"}. Confluent cells (30--50%) were transfected with small interfering RNAs (50 n[M]{.smallcaps}) or miRNAs (50 n[M]{.smallcaps}) by Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. The transfection efficiencies were detected by fluorescence microscope and FACS ([supplementary Figure 2](#sup1){ref-type="supplementary-material"}). The expression efficiencies were measured by real-time PCR ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Total RNA was extracted 24 h after transfection, and total cell proteins were extracted 48 or 72 h after transfection.

Cell proliferation assay
------------------------

Cell proliferation was determined by the Cell Counting Kit-8 assay (Dojindo, Kumamoto, Japan), a redox assay similar to 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, according to the manufacturer\'s protocol and our previously studies ([@bib3]; [@bib25]). Cell proliferation assay was carried out with six replicates.

Colony formation assay
----------------------

Colony formation assays were performed as described previously ([@bib25]). Briefly, transfected cells (500--1000) were re-plated into 6 cm tissue culture dishes. After 10--15 days, visible colonies were fixed and stained with crystal violet solution (Sigma, St. Louis, MO, USA), and the colony numbers were quantified. The results are expressed as a percent (colony number/original cells). This assay was carried out in triplicate.

Cell-cycle analysis by DNA content
----------------------------------

For cell-cycle analysis, cells were transfected with control, miR-7, or *PA28gamma*-siRNA. Three days later, cells were pre-fixed in cold 70% ethanol, washed, and re-suspended in phosphate-buffered saline containing 50 *μ*g ml^−1^ propidium iodide and 50 *μ*g ml^−1^ RNAase A, and DNA content was detected by flow cytometry on a FACScan (BD Biosciences, Franklin Lakes, NJ, USA). Analysis of the cell cycle was performed by the CellFit software.

miRNA target prediction
-----------------------

Putative miR-7 target genes were identified by the combined use of miRBase (<http://microrna.sanger.ac.uk>), TargetScan (<http://genes.mit.edu/targetscan>), and PicTar (<http://pictar.bio.nyu.edu>) target prediction programs ([@bib22]; [@bib17]; [@bib12]; [@bib55]).

Vector constructs
-----------------

To construct the wild-type pGL3-con-*PA28gamma*-UTR-WT plasmid, a wild-type 3′-UTR fragment of the human *PA28gamma* mRNA (Genbank accession no. NM_005789) containing the putative miR-7 binding sequence (bases 1413--1419) was amplified by PCR and cloned into the XbaI/FseI site of the pGL3-control vector (Promega, Madison, WI, USA), which is downstream of the luciferase reporter gene. A mutant of the single miR-7 binding site in the 3′-UTR of *PA28gamma* (5′-GUCUUCCC-3′ to 5′-GUC[CGAG]{.ul}C-3′) was made by the Site-Directed Mutagenesis Kit (SBS Genetech, Beijing, China). The mutagenesis primers and the nucleotide sequences of all the PCR cloning primers are listed in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}.

Luciferase assay
----------------

HEK293T cells were transfected with pGL3-con-*PA28gamma*-3′-UTR-Wt, pGL3-con-*PA28gamma*-3′-UTR-Mut, a control Renilla luciferase pRL-TK vector (Promega), and miR-7 mimic or negative control (miR-NC) using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s protocol. Luminescence was assayed 48 h later using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer\'s instructions. Results were normalised to the Renilla luminescence from the same vector and are shown as the ratio between the various treatments and cells transfected with mutant vector.

Tumorigenicity assay in nude mice
---------------------------------

Nude mice were used for xenograft studies. miR-7- and miR-NC-transfected H1299 cells (3 × 10^6^) were injected subcutaneously into either side of the posterior flank of the same female nude mouse. After 10 days, the tumour volume was measured with a vernier caliper at weekly intervals. Tumour volume was calculated by the following formula: volume=*W*^2^ × *L*/2, where *W* is the short diameter and *L* is the long diameter.

Western blot analysis
---------------------

Proteins extracted from cells or tumour tissues were immunoblotted with different antibodies following a published protocol ([@bib51]). The primary antibodies used were PA28gamma (1 : 3000 dilution), Cyclin D1 (1 : 2000 dilution) and GAPDH (1 : 5000 dilution) (Cell Signaling, Danvers, MA, USA).

Tissue microarray and immunohistochemistry
------------------------------------------

An independent tissue microarray including NSCLC, small-cell lung cancer (SCLC), and their adjacent normal tissues were obtained from OUTDO Biotech (Shanghai, China). The clinicopathologic information for the tissues from the array is summarised in [Supplementary Table 4](#sup1){ref-type="supplementary-material"}. Immunohistochemistry was performed using a two-step protocol as previously described ([@bib11]). Primary rabbit anti-PA28gamma antibody (1 : 60 dilution) was incubated overnight at 4 °C, and HRP-goat anti-rabbit IgG (Cell Signaling; 1 : 100 dilution) was then incubated for 30 min at room temperature. Then, slides were incubated in fresh DAB solution. The reaction was stopped by washing in running water, and slides were counterstained with haematoxylin.

Evaluation of immunohistochemical staining
------------------------------------------

Immunohistochemical staining was assessed by two independent pathologists with no knowledge of the patient characteristics, and any discrepancies were resolved by consensus. The mean±s.e.m. percentage value of two cores was considered representative of one tumour. PA28gamma staining was mainly located in the nucleus, and the intensity of PA28gamma staining was evaluated using the following criteria: 0=no yellow; 1=weak yellow; 2=yellow or orange; 3=brown or dark brown. Only yellow, orange, and brown staining were considered a positive result.

Statistical analysis
--------------------

Data were expressed as mean±s.e.m. of two or three independent experiments, and the statistical analyses were performed by PRISM 5.0 software (GraphPad Software Inc., San Diego, CA, USA). The level of miR-7 between tumour and adjacent tumour tissues was calculated using paired *t*-test analysis. The ANOVA analysis was used for the multi-groups comparison, whereas Student\'s *t*-test was applied for the comparison between two groups. The correlation was analysed by Pearson correlation analysis. *P*-values \<0.05 were considered statistically significant.

Results
=======

miR-7 is downregulated in NSCLC tissues
---------------------------------------

In an attempt to explore the expression and significance of miR-7 in NSCLC carcinogenesis, we first analysed its expression by real-time qRT--PCR in human NSCLC cell lines including A549, H1299, H1355, and H460, in which it was greatly downregulated in each compared with the control normal HBE cells ([Figure 1A](#fig1){ref-type="fig"}). In addition, miR-7 was further examined in 41 cases of NSCLC tissue. As shown in [Figure 1B](#fig1){ref-type="fig"}, the expression of miR-7 significantly reduced in NSCLC tissues relative to their matched adjacent tissues (*P*=0.0031). The average of miR-7 expression levels was 3.00 in normal tissues and 1.20 in tumour tissues, respectively. MiR-7 level reduced 2.5 times in NSCLC tissues.

These data suggest that miR-7 is significantly downregulated in NSCLC tissues and cell lines, especially in squamous cell carcinoma and adenocarcinoma. Such reduced expression of miR-7 may correlate with the tumorigenicity of NSCLC.

In addition, the expression of miR-7 in H460 was lower than that in high-invasive A549 and H1299 cells ([Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}). However, there was no significant difference between low-invasive cell line 95C and high-invasive cell line 95D as shown in [Supplementary Figure 4B](#sup1){ref-type="supplementary-material"}. Therefore, its expression may be associated with the subtype of NSCLC cancer.

miR-7 inhibits tumour cell growth both *in vitro* and *in vivo*
---------------------------------------------------------------

Given the low expression of miR-7 in NSCLC tissues and cell lines, we further evaluated the biological roles of miR-7 in NSCLC cell lines. miR-7 mimic and the control (miR-NC) were transfected into the NSCLC cell lines A549 and H1299 cells separately. As shown in [Figure 2A](#fig2){ref-type="fig"}, miR-7 markedly suppressed cell proliferation of both A549 and H1299 cells compared with the negative control. In addition, miR-7 induced cell-cycle arrest at the G1 phase ([Figure 2B](#fig2){ref-type="fig"}). Colony formation rate was also reduced after overexpression of miR-7 ([Figure 2C](#fig2){ref-type="fig"}).

We next explored the role of miR-7 in NSCLC tumour growth *in vivo*. H1299 cells were transfected with either miR-7 or miR-NC. Six hours later, they were implanted subcutaneously into either posterior flank of the same nude mice (*n*=6). Six weeks after injection, only 16.7% of mice had palpable tumours observed in the flanks injected with the miR-7-transfected H1299 cells. In contrast, tumours appeared in the opposite sites injected with miR-NC in 100% of mice. Mice were killed when the tumour volume reached 100 mm^3^. At day 17, all the mice in the control group but none in miR-7-transfected group have reached the critical volume ([Figure 2D](#fig2){ref-type="fig"}). The growth curve of the miR-7-transfected group was significantly suppressed compared with the control group. These results show that miR-7 can inhibit the growth of NSCLC cells both *in vitro* and *in vivo*.

*PA28gamma* emerges as a novel target for miR-7
-----------------------------------------------

To explore the underlying molecular mechanism responsible for lung cancer growth suppression caused by miR-7, we performed bioinformatic analyses to search for miR-7 target genes. Three prediction algorithms (PicTar, Target Scan, and miRanda) were used to identify the putative target genes, and 49 candidate genes were commonly predicted to be the possible targets of miR-7 ([Figure 3A](#fig3){ref-type="fig"}). Among these potential target genes, oncogenes or anti-apoptosis genes involved in the regulation of tumour growth were selected for analysis due to the fact that miRNA-mediated gene repression results in downregulation of target genes. We also found that *PA28gamma* was a potential target of miR-7. Bioinformatics analysis revealed that the binding sites of the 3′-UTR sequence of *PA28gamma* and miR-7 are highly conserved in human, chimpanzee, monkey, mouse, cow, horse, hedgehog, and elephant ([Figure 3B](#fig3){ref-type="fig"}). The predicted binding site of miR-7 to the 3′UTR of *PA28gamma* is at the bases from 1413 to 1419 ([Figure 3C](#fig3){ref-type="fig"}).

In order to determine whether *PA28gamma* is directly regulated by miR-7 through binding to its 3′-UTR, the 3′-UTR fragment, including the potential binding site (wild-type or mutant) ([Figure 3C](#fig3){ref-type="fig"}), was constructed and cloned into the pGL3-con vector immediately downstream of the luciferase reporter. For luciferase activity assays, HEK 293T cells were co-transfected with the *PA28gamma*-3′UTR-reporter plasmid and miR-7 mimic or negative control (miR-NC). Interestingly, the relative luciferase activity of the reporter containing the wild-type 3′-UTR was remarkably decreased when co-transfected with miR-7. In contrast, the luciferase activity of the mutant reporter was unchanged by simultaneous transfection of miR-7 mimic or negative control ([Figure 3D](#fig3){ref-type="fig"}).

miRNA-mediated gene repression mostly results in decreased protein levels of their target genes. To further assess whether miR-7 had a functional role in the downregulation of endogenous *PA28gamma* expression, A549 cells and H1299 cells were transfected with miR-7 mimic for 48 h and then assessed by western blot. As shown in [Figure 3E](#fig3){ref-type="fig"}, *PA28gamma* was sensitive to miR-7, as a significant decrease was detected in miR-7-transfected A549 cells and H1299 cells. On the contrary, miR-7 inhibitor partially rescued the inhibition of *PA28gamma* expression by miR-7. Moreover, inhibition of miR-7 upregulated the *PA28gamma* expression and partially rescued the effects of the *PA28gamma* knock down in H1299 cells ([Figure 3F](#fig3){ref-type="fig"}). These results indicate that miR-7 suppresses *PA28gamma* expression through directly targeting its 3′-UTR, and *PA28gamma* is a novel target of miR-7.

*PA28gamma* is significantly upregulated in NSCLC
-------------------------------------------------

As *PA28gamma* is emerging as a novel target of miR-7, we further examined its expression in NSCLC by immunohistochemistry in an independent tissue microarray including 50 pairs of NSCLC samples and 42 cases of SCLC samples. The relative expression level of *PA28gamma* was scored by two independent pathologists. A total of 70% (35 out of 50) of NSCLC cancer tissues showed a net gain of immunoreactivity for nuclear *PA28gamma* compared with the matched normal lung tissues ([Figure 4A](#fig4){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}, *P*\<0.001); SCLC cancer tissues also showed decreased reactivity when compared with NSCLC cancer tissues ([Figure 4A](#fig4){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}, *P*=0.003).

To further validate the expression of *PA28gamma* in human NSCLC, we also analysed 41 pairs of fresh resected tumour samples in our study by western blot assay. Similar to the results of immunohistochemistry in the independent tissue microarray, we found that protein levels of *PA28gamma* in NSCLC tumour samples were significantly higher compared with that in matched adjacent normal tissues ([Figure 4B](#fig4){ref-type="fig"}). In addition, we also analysed the expression of *PA28gamma* in NSCLC cell lines by western blot assay. Similar results were observed in A549, H1299 cells compared with the normal HBE cell line ([Figure 4C](#fig4){ref-type="fig"}), in spite of the unclear significant difference between H1355 and HBE cells. This data indicated that *PA28gamma* is overexpressed in NSCLC and may become a novel biomarker for diagnosis of NSCLC.

Inverse relationship between *PA28gamma* and miR-7 is detected in NSCLC tissues
-------------------------------------------------------------------------------

On the basis of the overexpression of *PA28gamma* in NSCLC cancer tissues and the direct negative regulation of miR-7 on *PA28gamma*, we hypothesised that there may be an inverse relationship between miR-7 and *PA28gamma* expression in NSCLC. Thus, we analysed the mRNA level of *PA28gamma* in 41 cases of human NSCLC tumour samples and their matched adjacent normal tissues by qRT--PCR analysis. Interestingly, we found that mRNA levels of *PA28gamma* in NSCLC tumour samples were significantly higher compared with their matched adjacent normal tissues (*P*\<0.0001) ([Figure 5A](#fig5){ref-type="fig"}). In contrast, expression of miR-7 was significantly (*P*=0.0015) reduced in NSCLC tissues compared with their matched controls ([Figure 1B](#fig1){ref-type="fig"}). Pearson\'s correlation analysis revealed a significant inverse relationship between the levels of *PA28gamma* and miR-7 in human NSCLC tissue samples (*r*=−0.4013; *P*=0.0002; [Figure 5C](#fig5){ref-type="fig"}). In addition, we further analysed their expression in three different NSCLC cell lines: A549, H1299, and H1355. In all of these, *PA28gamma* expression was upregulated ([Figure 5B](#fig5){ref-type="fig"}), whereas miR-7 expression was also downregulated compared with the normal HBE cell line ([Figure 1A](#fig1){ref-type="fig"}). Taken together, these results strongly implicate a role of miR-7 in the negative regulation of *PA28gamma* expression.

Specific knockdown of *PA28gamma* by siRNA elicits similar phenotypes of growth arrest
--------------------------------------------------------------------------------------

To directly address miR-7 specificity and involvement of *PA28gamma* in miR-7-regulated inhibition of proliferation and tumour suppression, we treated A549 and H1299 cells with a pool of siRNAs specific to *PA28gamma* mRNA. Western blot analysis confirmed specific knockdown of *PA28gamma* by siRNA ([Figure 6A](#fig6){ref-type="fig"}). Further, *PA28gamma*-siRNA-transfected A549 and H1299 cells showed inhibited proliferation ([Figure 6B](#fig6){ref-type="fig"}), cell-cycle arrest at G1 phase ([Figure 6D](#fig6){ref-type="fig"}) and decreased colony formation ([Figure 6E](#fig6){ref-type="fig"}) compared with siRNA-NC-transfected cells. On the contrary, inhibition of miR-7 promoted cell proliferation ([Figure 6C](#fig6){ref-type="fig"}), progression of cell cycle ([Figure 6D](#fig6){ref-type="fig"}), and colony formation ([Figure 6E](#fig6){ref-type="fig"}) in H1299 cells and partially rescued the effects of *PA28gamma* inhibition ([Figure 6C--E](#fig6){ref-type="fig"}).

These data suggest that *PA28gamma*, which is downregulated by miR-7, positively regulates cell growth of NSCLC.

miR-7 represses cell-cycle protein cyclin D1 expression through downregulation of *PA28gamma*
---------------------------------------------------------------------------------------------

*PA28gamma*, is an activator of 20S proteasome, and may be involved in cell growth and cell-cycle progression ([@bib28]; [@bib14]). Cyclin D1 is proposed to serve as an important switch in the regulation of continued cell-cycle progression and is often overexpressed in a variety of cancers ([@bib27]; [@bib19]). To determine if *PA28gamma* repression by miR-7 affects cyclin D1 expression, we transfected A549 and H1299 cells with miR-7 or *PA28gamma* siRNA and evaluated *cyclinD1* expression levels. As shown in [Figure 7A and B](#fig7){ref-type="fig"}, analysis of mRNA expression by real-time PCR indicated a profound reduction in cyclin D1 levels after miR-7 compared with control treatments. Western blot analysis further confirmed that repression of miR-7 inhibited cyclin D1 protein expression both in A549 and H1299 cells ([Figure 7C and D](#fig7){ref-type="fig"}). These effects were similar with direct knockdown of *PA28gamma* by siRNA ([Figure 7A--D](#fig7){ref-type="fig"}). These data suggest that part of the anti-cancer effect of miR-7 may occur through inhibition of the PA28gamma and subsequent reduction of cyclin D1 expression. Therefore, it induces NSCLC tumour cell growth arrest ([Figure 7E](#fig7){ref-type="fig"}).

Discussion
==========

In this study, we reported that miR-7 is downregulated in NSCLC tumour tissue. It is assumed that the downexpressed miRNAs in cancers may function as tumour-suppressors. Hence, we inferred that miR-7 might be a negative regulator in NSCLC. As a result, restoration of miR-7 inhibited cell proliferation, colony formation, cell-cycle progression *in vitro,* and the tumorigenicity *in vivo*, which indicated the importance of miR-7 in tumorigenesis of NSCLC. Previous studies have also shown that miR-7 expression was significantly decreased in recurrent lung cancers and emerged as a potential tumour suppressor ([@bib47]; [@bib10]; [@bib50]). However, a recent report demonstrated that miR-7 promoted, rather than inhibited, cell growth in lung cancer cell line CL1-50 ([@bib6]). In contract, Webster *et al* ([@bib47]) and Wang *et al* ([@bib46]) showed that miR-7 functioned as a tumour suppressor by directly targeting epidermal growth factor receptor (EGFR). Obviously, the interaction between miR-7 and EGFR is complicated. Similar to Webster\'s report, our present study showed that miR-7 inhibited rather than promoted the lung tumorigenesis in A549 cells. Therefore, the role of miR-7 may be different in various cancer types and diverse biological backgrounds of cell lines. The exact role of miR-7 in lung cancer development remained contradictive. On the basis of our previous work ([@bib50]) and results in this study, we provide further evidence that miR-7 is a functional regulator in NSCLC and support the hypothesis that miR-7 serves as a tumour suppressor in NSCLC.

Previously known targets of miR-7 include messages for signalling proteins including *EGFR*, murine leukaemia viral oncogene homologue *1RAF1* (v-raf-1), insulin receptor substrate 1 (*IRS1*), *IRS2*, activated CDC42 kinase 1 (*Ack1*), B-cell lymphoma 2(*Bcl-2*), and phosphoinositide-3-kinase, regulatory subunit 3 (PIK3R3) ([@bib15]; [@bib37]; [@bib13]; [@bib40]; [@bib50]; [@bib52]). Among them, the interaction between miR-7 and ACK1, as well as their inverse expressions in human tumour tissues, has been well demonstrated ([@bib40]). We have also paid attention to the anti-apoptosis molecule Bcl-2, although miR-7 can directly target it and reduce its expression in NSCLC cell lines ([@bib50]), the inversed expression between miR-7 and Bcl-2 was not significant in human NSCLC samples (data not shown). Obviously, the molecular mechanism through which miR-7 functions as a tumour suppressor still needs to be explored. On the basis of bioinformatics analysis, we further predicted a number of additional miR-7 targets. *PA28gamma* was identified to be a novel target gene of miR-7 in this study.

*PA28gamma*, also called REGgamma, Ki antigen or PSME3, is an REG family member that binds and activates the 20S proteasome ([@bib28]; [@bib14]). Although the exact physiological role of *PA28gamma* is still unclear, it has been suggested to be involved in cell growth and cell-cycle progression. *PA28gamma* knockout mice show growth retardation, and the embryonic fibroblasts from these animals displayed cell-cycle arrest at G1 phase ([@bib31]; [@bib2]). In recent years, *PA28gamma* has been shown to downregulate the steroid co-activating factor-3 (SRC-3), thereby resulting in cell growth ([@bib29]; [@bib53]). Furthermore, three important cell-cycle regulators, p21, p16, and p19, are degraded in a PA28gamma-dependent and ubiquitin-independent manner ([@bib5]; [@bib49]). Thus, PA28gamma is involved the regulation of cell proliferation. However, the exact role of *PA28gamma* in tumours is unknown. Recently Sanchez *et al* ([@bib38]) reported that miR-7 triggers the cell cycle in G1/S transition by targeting multiple genes including PSME3, which further supports that PA28gamma (also named PSME3) is a functional target gene of miR-7.

In this study, we further analysed the expressions of miR-7 and PA28gamma in human samples. As a new target of miR-7, *PA28gamma* is inversely upregulated in both NSCLC cell lines and tumour tissues. Thus, as a post-transcriptional control, loss of miR-7 expression may contribute to *PA28gamma* overexpression in tumorigenesis. In addition, restoration of miR-7 and inhibition of *PA28gamma* repressed the expression of *cyclin D1* at both mRNA and protein even though the detained mechanism is not known yet and need to be further explored.

This study has some limitations. We are mainly focused on the interaction of miR-7 and *PA28gamma.* Besides *PA28gamma*, some other important functional molecules have been identified in the previous studies, such as *EGFR*, v-raf-1, *IRS1*, *IRS2*, *Ack1*, *Bcl-2*, and PIK3R3 ([@bib15]; [@bib37]; [@bib13]; [@bib40]; [@bib50]; [@bib52]). Indeed, how this complicated network regulates tumorigenesis remains unexplored. In addition, the function of *PA28gamma*, as well as its inverse expression with miR-7, is based on NSCLC. Our initial observations require more studies in different cancers.

In summary, the present study strongly imply that the overexpression of *PA28gamma* resulted from miR-7 downexpression in NSCLC has an important role in promoting cancer cell progress, and consequently results in NSCLC growth. Therefore, the present study enriches the knowledge about the interactions between miR-7 and the targets through demonstrating that miR-7 can not only promote cell apoptosis by targeting *EGFR* as reported, but also induce cell-cycle arrest through interaction with *PA28gamma* in regulating NSCLC development ([Figure 7E](#fig7){ref-type="fig"}). Thus, strategies targeting *PA28gamma* and/or miR-7 may be the promising molecular therapy in NSCLC treatment.
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![**Expression of miR-7 is significantly downregulated in primary NSCLC cell lines (A) and NSCLC tissues (B).** Mature miR-7 expression in primary NSCLC tissues, matched adjacent lung tissues, and lung cancer cell lines were analysed by real-time PCR and normalised to the endogenous control U6. miR-7 expression was determined in tumour tissue relative to the first patient-matched adjacent normal tissue and relative expression of miR-7 in NSCLC cell lines was also normalised to that in HBE cells. Each sample was analysed in triplicate (\*\**P*\<0.01, \*\*\**P*\<0.001).](bjc2013728f1){#fig1}

![**Ectopic expression of miR-7 inhibits tumour growth *in vitro* and *in vivo*.** (**A**) A549 and H1299 cells were transfected with miR-7 mimics and miR-NC. At 24, 48, and 72 h, cell proliferation was assessed by CCK-8 assay. (**B**) A549 and H1299 cells were transfected with miR-7, or miR-NC in six-well plates. Seventy-two hours later, cells were harvested, and cell cycle was analysed by FACS. (**C**) Transfected A549 and H1299 cells were replated into 6 cm dishes. Ten to fifteen days later, visible colonies were fixed and stained with crystal violet, and the colony formation ratio was calculated with the following formula: (visible colony numbers/original number of cells) × 100%. Experiments were repeated at least three times. (**D**) The effect of miR-7 on tumorigenicity was measured in the nude mice xenograft model. miR-7- and miR-NC-transfected H1299 cells (3 × 10^6^) were injected subcutaneously into either side of the posterior flank of the same female nude mouse (*n*=6). Tumour volume is shown as mean±s.e.m. All data are representative of three or two independent experiments (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001).](bjc2013728f2){#fig2}

![**miR-7 post-transcriptionally downregulates *PA28gamma* expression by directly targeting its 3′-UTR.** (**A**) Putative target genes were predicted by PicTar, Target Scan, and miRanda. Each circle represents one prediction algorithm with the number of predicted genes. The number listed in overlapping areas of the circles was simultaneously predicted by different algorithms. (**B**) The potential binding sequences within the 3′-UTR of *PA28gamma* for miR-7 is conserved in human (Hsa), chimpanzee (Ptr), rhesus (Mml), mouse (Mmu), rat, hedgehog (Eeu), shrew (Sar), horse (Eca), cow (Eta), and elephant (Dno). Seed sequences are highlighted. (**C**) The *PA28gamma* 3′-UTR and corresponding fragments were inserted into the region immediately downstream of the luciferase gene in the pGL3-con vector. The sequences of the predicted miR-7 binding sites within the *PA28gamma* 3′-UTR including the wild-type UTR or mutant UTR segments (dotted lines) are shown. (**D**) After co-transfection of miR-7 mimic or miR-NC with the above reporter plasmids and pRL-TK vector in HEK 293T cells, relative luciferase activity was analysed by Dual-Luciferase Reporter Assay. (**E**) A549 and H1299 cells were transfected with miR-7, miR-NC, *PA28gamma*-siRNA, and miR-7 inhibitor for 48 h. PA28gamma protein levels were examined by western blot using GAPDH as a loading control (one of three similar blots is shown). (**F**) H1299 cells were transfected with *PA28gamma*-siRNA, and/or miR-7 inhibitor for 72 h. PA28gamma protein levels were examined by western blot using GAPDH as a loading control (one of three similar blots is shown). These experiments were performed in triplicate and results are shown as the mean±s.e.m. (\*\*\**P*\<0.001).](bjc2013728f3){#fig3}

![**PA28gamma is overexpressed in NSCLC tissues.** (**A**) Immunohistochemical staining of PA28gamma in an independent lung cancer tissue microarray including the matched adjacent normal tissues. (SCC=squamous cell carcinoma; ADC=adenocarcinoma; SCLC=small-cell lung carcinoma. The tissue pairs were isolated from the same patient). The staining intensities were scored, and statistical analysis was performed according to the scoring guidelines ([Table 1](#tbl1){ref-type="table"}). The protein level of PA28gamma in representative resected fresh NSCLC tissues along with their matched non-tumour tissues (**B**) and NSCLC cell lines (**C**) was analysed by western blot analysis and normalised to GAPDH, and further normalised to the value in the first normal specimen or HBE cells. Two or three independent experiments were performed, and representative data are shown (N=non-tumour tissue; T=tumour tissue).](bjc2013728f4){#fig4}

![**Expression of *PA28gamma* correlates inversely with miR-7 levels in NSCLC tissues.** *PA28gamma* expression was examined by qRT--PCR in 41 NSCLC tissues, their matched non-tumour tissues (**A**), NSCLC cell lines and their control HBE cells (**B**). *PA28gamma* expression was normalised to GAPDH mRNA, and the relative gene expression of *PA28gamma* were determined in tumour tissue relative to the first matched normal tissue sample or normal HBE cell line. Pearson\'s correlation analysis was performed for PA28gamma and miR-7 in human NSCLC tissue samples (**C**). Each sample was analysed in triplicate.](bjc2013728f5){#fig5}

![**PA28gamma mediates miR-7-induced inhibition of NSCLC cell growth.** (**A**) A549 and H1299 cells were transfected with negative control siRNA (siRNA-NC) or a *PA28gamma* siRNA pool. Forty-eight hours later, PA28gamma expression was examined by western blot. (**B**) A549 and H1299 cells were transfected with siRNA-NC or *PA28gamma* siRNA in 96-well plates. Cell proliferation was assessed by CCK-8 assay at 24, 48, and 72 h. (**C**) H1299 cells were transfected with negative control siRNA (SiRNA-NC), *PA28gamma* siRNA, and/or miR-7 inhibitor in 96-well plates. Cell proliferation was assessed by CCK-8 assay at 72 h. (**D**) H1299 cells were transfected with siRNA-NC, *PA28gamma* siRNA, and/or miR-7 inhibitor in six-well plates. Seventy-two hours later, cells were harvested, and cell cycle was analysed by FACS. (**E**) One thousand transfected H1299 cells were plated to 6 cm dishes to perform the colony formation assays. Ten to fifteen days later, visible colonies were fixed and stained with crystal violet. Three independent experiments were performed, and representative data are shown (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001).](bjc2013728f6){#fig6}

![**miR-7 represses cyclin D1 expression through reducing PA28gamma level.** A549 and H1299 cells were transfected with miR-7, PA28gamma siRNA and their controls at 50 n[M]{.smallcaps} for 24 or 72 h. The mRNA expression levels of cyclin D1 in A549 (**A**) and H1299 cells (**B**) were measured by real-time PCR and standardized to GAPDH. Protein levels of cyclin D1 in A549 (**C**) and H1299 cells (**D**) were determined by western blot with GAPDH used as a loading control. (\*\**P*\<0.01; \*\*\**P*\<0.001). (**E**) Hypothetical model of miR-7 suppressive function in NSCLC.](bjc2013728f7){#fig7}

###### *PA28gamma* protein expression level in lung cancer tissues

  **Tissue types**   **Score 0**      **Score 1**      **Score 2**   **Score 3**
  ------------------ ---------------- ---------------- ------------- -------------
  Normal tissue      44/60 (73.33%)   10/60 (16.67%)   6/60 (10%)    0/60 (0%)
  NSCLC              15/50 (30%)      10/50 (20%)      12/50 (24%)   13/50 (26%)
  SCLC               25/42 (59.5%)    11/42 (26.2%)    5/42 (12%)    1/42 (2.4%)

*P*(normal tissue *vs* NSCLC)\<0.001; *P*(normal tissue *vs* SCLC) \<0.001; *P*(NSCLC *vs* SCLC)=0.003.
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